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d Department of Civil Engineering, Faculty of Engineering and Natural Sciences, Konya Technical University, Konya 42250, Turkey 
e Department of Construction, Vocational School of Technical Sciences, Amasya University, Amasya 05100, Turkey 
f Department of Physics, Faculty of Applied Science, Umm Al-Qura University, Makkah 21955, Saudi Arabia   

A R T I C L E  I N F O   

Keywords: 
Recycled 
Reinforced Concrete Beam 
Scrap 
Steel 
Tyre 
Waste 
Wire 

A B S T R A C T   

In recent years, studies on the use of car tyre wastes in concrete have gained momentum. 
Especially, the effect of recycled waste steel wires (RWSWs) from tyres to be mixed into concrete 
for using in newly designed reinforced concrete buildings on the performance of construction 
elements is a fairly new research area. In this study, the bending behaviour of 12 reinforced 
concrete beams was investigated having 1/3 geometric scale, 100 × 150 × 1000 mm in size, and 
produced with RWSWs additive in different volumetric ratios (1%, 2%, and 3%) under vertical 
loads. Another main parameter selected in the study was the amount of varying tension re-
inforcements (2ϕ12, 2ϕ10, and 2ϕ8). The load-carrying, stiffness, ductility, and energy dissipa-
tion capacities of the RWSW reinforced bending beams were compared with the primary aim of 
this study which was to examine and present the contribution of RWSWs on the improvement of 
the bending performance of the reinforced concrete beams. The results revealed that the me-
chanical properties of the hybrid beams with RWSWs vary depending on dosages but are com-
parable with those of the beams-only with the same fibre dosage. A positive effect was obtained 
for the hybrid beams containing 2–3% RWSWs. Besides, RWSWs were found to be highly well 
mobilised at larger crack widths, and the post-cracking strength of RWSW mixes was significantly 
higher. Considering both mechanical properties of the beams and fresh properties such as the 
workability, 2% of RWSWs is recommended to be utilised in the reinforced concrete beams. On 
the other hand, the results were compared with the predictions of the methods given in the 
literature and standards. Moreover, an equation was derived to better predict the capacity of the 
hybrid beams using RWSWs.   
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1. Introduction 

In order for the ductile power depletion to occur in a reinforced concrete element, the longitudinal reinforcement ratio must be well 
under the balanced reinforcement ratio (ρb) and there must be sufficient stirrup reinforcements to prevent the shear damage. When 
these conditions are met, the reinforced concrete element can only reach its bending capacity through moment. Theoretically, it does 
not have a significant effect on the bending capacity of beams, especially where the axial force level is lower since the tensile strength 
of concrete is quite low. However, the increasingly difficult access to raw materials in the world has led to an increase in new searches 
[1–5]. Moreover, increasing global warming with industrialisation, and sustainability concerns with ecological approaches have also 
played role in this issue [6]. For this reason, innovative techniques have become an important research topic as they use fewer raw 
materials and become more eco-friendly materials [7–11]. In addition, some of the investigations are utilised to increase the very weak 
tensile strength of concrete via eco-friendly solutions [12–16]. 

In the studies carried out in the last decade, natural fibres, metallic (steel), synthetic (polymers) and mineral (carbon or glass) 
fibres, chemical agents, etc., have been widely used to increase and strengthen the tensile strength of concrete [17]. Apart from them, 
the evaluation of the materials obtained by recycling industrial fibre wastes, which have become popular in recent years, in concrete 
has great importance in the context of sustainability. 

There are many studies in the literature involving different fibrous materials [18–22]. Steel, polypropylene, carbon, plant, and 
alkali-resistant glass fibres are commonly used fibres in concrete [23–27]. Steel fibres are the most widely employed fibre type, thanks 
to the superior mechanical properties they impart to concrete. It is also possible to classify these fibre types according to their geo-
metric properties [28]. Accordingly, the cross-sections of fibres may be round or flat (such as plaque), as well as different types of steel 
fibres in terms of surface shapes and geometric forms [28]. In addition to the geometric difference, the length/diameter (l/d, slen-
derness λ) ratios of steel fibres are very important [29]. Steel fibres can have normal (low carbon) or high (high carbon) strength 
properties according to the carbon they contain. In fibrous concretes, the most important feature that must be provided in all fibre 
types is that fibres are distributed homogeneously in concrete and this distribution does not deteriorate after concrete is mixed. 

The main purpose of steel fibre reinforcement in concrete is to increase the tensile and compressive strengths of brittle concrete, 
which contains numerous micro-cracks, and to increase the deformation capacity (in other words, the very limited ductility of con-
crete). Steel fibres cause an increase in the ductility and tensile strength of the material by delaying the formation of cracks in concrete 
or preventing the cracks propagation (bridging) under stresses [30]. Thus, the deformation capacity and the toughness of steel fibre 
concrete, whose tensile strength increases compared with conventional concrete, also increase [31–33]. In this case, it is possible to say 
that the sections of the structural elements can be dimensioned economically when used with fibre reinforced concrete reinforcements, 
especially where bending is effective. There is no definite consensus in the literature about the effect of steel fibres on the compressive 
strength of concrete. But it is obvious that it improves the tensile strength. Because when the axial tensile stresses, which are the main 
cause of cracking in concrete, act in the direction of fibres, after concrete cracks, fibres come into play and additional strength is 
gained. This situation has been studied by many researchers. Bonakdar et al. [34] stated that with the addition of steel fibres, the 
post-crack response of concrete can be changed from brittle to ductile under various loads including compression, tension, bending and 
impact. Buratti et al. [35] showed that steel and synthetic macrofibres significantly enhance the post-crack response of concrete and 
provide residual strength values that can be used for design purposes. 

Apart from these methods, recycled steel fibres derived from waste tyres have come to the fore as an alternative to steel fibres in 
recent years. Especially, the rapid development of the automotive industry has given birth to many new projects about the disposal of 
waste tyres [36–38]. How to recycle and dispose waste tyres reasonably and effectively, which has become a problem in developed 
countries, and how to prevent environmental pollution, have become a problem that people have to face. 

There are many investigations on the strength features of concrete with steel scrap and also there are several studies on the per-
formance of concrete with steel wastes in the literature [39–44]. However, in the literature, research works on the impacts of different 
proportions of waste tyre fibres on the bending behaviour are still insufficient. Consequently, influence of steel fibres extracted from 
waste tyres on the flexural behaviour of reinforced concrete beams is an important topic. 

Around the world, approximately 1–1.5 billion tyres have completed their useful life, and it is estimated that this number will 
approach approximately 5 billion by 2030 [45,46]. These tyres are usually deposited or incinerated at stockpiles. This situation raises 
the problem of storage of waste tyres [47–50]. There are many ways to recycle this waste without harming the environment; one of 
them is incineration in cement kilns and the other is that it is added to concrete as both aggregate and binder. In particular, recycled 
waste steel wires (RWSWs) from tyres are added to concrete and contribute to the improvement of the mechanical properties of 
concrete [51–53]. Wang [20] paved the way for recycling by reporting that industrial waste fibres and original fibres have the same 
effect. Neocleous et al. [54] obtained a rather interesting result. They demonstrated that RWSWs caused a significant improvement in 
the behaviour of concrete after the maximum stress. This situation has also indicated that the sudden decrease in the load capacity after 
the maximum stress, which is the most important disadvantage of concrete, can be delayed with RWSWs. Aiello et al. [55], Yang et al. 
[56], and Kamran and Mohammad [57] have mentioned that RWSWs have micro-reinforcement feature for reinforced concrete. 

These pioneering studies have encouraged the use of tyre recycling in civil engineering. Many studies in the literature have been 
evaluated in this context. Koroglu and Ashour [58] stated that RWSWs, which are added to self-compacting concrete at the rates of 4% 
and 5%, increase the bending capacity of beams by 6 times. Several investigations illustrated that RWSWs reduce the compressive 
strength of concrete [59,60]. However, some studies revealed that RWSWs improve the compressive strength [42,61,62]. In recent 
years, research has been carried out to assess the contribution of RWSWs to the shear capacity of beams. Aksoylu et al. [42] inves-
tigated the contribution of 1%, 2%, and 3% of RWSWs to small scale shear beams according to different stirrup spacings. It was stated 
in this study that although the effect of fibre content in specimens with high stirrup spacing (27 cm) provides significant benefit in 
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improving the beam’s behaviour, the effect of fibres is more limited as the stirrup spacing decreases (20 cm and 16 cm). 
By examining the literature, it is understood that addition of steel fibres has a positive effect on the mechanical properties of 

concrete. However, when limited resources and sustainability are considered, research on materials such as RWSWs becomes very 
valuable. The importance of this study is that the load-carrying, stiffness, ductility, and energy dissipation capacities of RWSW 
reinforced bending beams are compared experimentally. In order to make these comparisons, an experimental program was created, 
and the outputs were presented. The bending behaviour of 12 small-scale rectangular simply supported reinforced concrete beams 
(100 × 150 × 1000 mm) was investigated under vertical loads, which were produced with RWSWs additive in different volumetric 
ratios (0%, 1%, 2%, and 3%). Another main parameter selected was the amount of varying tension reinforcements (2ϕ12, 2ϕ10, and 
2ϕ8). Compression reinforcements were kept constant as 2ϕ6 since they do not have a significant effect on the bending capacity. 
Furthermore, a constant stirrup spacing of 100 mm was taken into account due to the fact that the bending capacity and ductility of the 
beams were examined in the experimental program. The experiments were conducted with a four-point bending test machine. 

2. Materials and method 

2.1. Mixture design and specimen preparation 

As it was mentioned, RWSWs were utilised in this experimental study. The used RWSWs are displayed in Fig. 1. RWSWs were 
divided into small pieces before the mixing process. The average length of RWSWs was approximately 30–50 mm. RWSWs longer than 
100 mm were not employed to avoid aggregation. CEM I 32.5 type of Portland cement conforming to the EN 197–1 standard was also 
used. The water–cement ratio was selected as 0.6 for all the mixtures. RWSWs were added to the mixture slowly to avoid aggregation 
during the mixing process. The mixture was poured into the moulds in the small amounts to ensure the best compatibility of concrete. 
Compaction was also applied with the help of a vibrator. Cylinder and cube samples were produced for the mechanical tests. The 
preparation steps are depicted in Fig. 2. 

10 × 20 cm cylinder and 15 × 15 × 15 cm cube samples were used for the compressive and splitting tensile strengths tests ac-
cording to the EN 206 and ASTM D3967 standards, respectively. The cylinder and cube average compressive strengths were obtained 

Fig. 1. RWSWs used for experiments.  

Fig. 2. Preparation of beams.  
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as 25 MPa and 29.5 MPa, respectively, for concrete without any RWSWs, as expected. Besides, the compressive strengths of 29 MPa 
(cylinder) and 34.6 MPa (cube) for 1% RWSWs content, 32 MPa (cylinder) and 38.6 MPa (cube) for 2% RWSWs content, and 37 MPa 
(cylinder) and 43.2 MPa (cube) for 3% RWSWs content were also noted. The splitting tensile strengths were achieved as 2.83 MPa for 
the reference sample, and 3.24 MPa, 3.54 MPa, and 3.87 MPa respectively for the samples containing 1%, 2%, and 3% RWSWs. In the 
literature [63], when the conversion coefficients (0.738 and 0.96) were applied for the standard cube (15 × 15 × 15 cm) and standard 
cylinder (15 × 30 cm), the compressive strength of the reference sample and the samples with 1% RWSWs content, 2% RWSWs 
content, and 3% RWSWs content was calculated as 21.7 MPa, 25.53 MPa, 28.48 MPa, and 31.88 MPa, respectively. In this way, 
10 × 20 cm cylinder and 15 × 15 × 15 cm cube samples used in the experiments were expressed as standard cubes (15 × 15 × 15 cm) 
and cylinders (15 × 30 cm). 

A total of 12 specimens were manufactured. The primary variable of the study was the volume fraction of RWSWs. Four different 
fibre ratios of 0%, 1%, 2%, and 3% were utilised by volume. The second variable was longitudinal reinforcements. Three different 
longitudinal reinforcements of 2ϕ8, 2ϕ10, and 2ϕ12 were employed. Table 1 presents details of the specimens. In the table, Vf is the 
volume fraction of fibres (RWSWs). 

Table 1 
Details of specimens.  

Number Specimen Name Stirrup (mm) Longitudinal Reinforcement  

Compression Reinforcement Tension Reinforcement Vf 

1 BREF-1 ϕ6/100 2ϕ6 2ϕ12 0% 
2 BTYRE-1 ϕ6/100 2ϕ6 2ϕ12 1% 
3 BTYRE-4 ϕ6/100 2ϕ6 2ϕ12 2% 
4 BTYRE-7 ϕ6/100 2ϕ6 2ϕ12 3% 
5 BREF-2 ϕ6/100 2ϕ6 2ϕ10 0% 
6 BTYRE-2 ϕ6/100 2ϕ6 2ϕ10 1% 
7 BTYRE-5 ϕ6/100 2ϕ6 2ϕ10 2% 
8 BTYRE-8 ϕ6/100 2ϕ6 2ϕ10 3% 
9 BREF-3 ϕ6/100 2ϕ6 2ϕ8 0% 
10 BTYRE-3 ϕ6/100 2ϕ6 2ϕ8 1% 
11 BTYRE-6 ϕ6/100 2ϕ6 2ϕ8 2% 
12 BTYRE-9 ϕ6/100 2ϕ6 2ϕ8 3%  

Fig. 3. Reinforcements layout (dimensions are in cm).  

Fig. 4. Test setup (dimensions are in cm).  
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2.2. Test set up and reinforcements details 

The beam specimens used in the study have widths (bw) of 100 mm, heights (h) of 150 mm, and lengths (L) of 1000 mm. In all the 
specimens, 6 mm diameter stirrups were placed at 100 mm intervals to prevent any shear collapse that might occur in the beams. The 
stirrups have been confined to prevent compression damage in the support region. The reinforcements layout is illustrated in Fig. 3, 
and the test setup is displayed in Fig. 4. 

3. Experimental results and discussion 

Displacements and rigidities at the maximum load (Pmax) and 0.85 Pmax (Pu) are given in Table 2. The 0.85 Pmax value was 
determined on the curve where the load-displacement curve reached the maximum load. Compared with BREF-1, Pmax of BTYRE-4 and 
BTYRE-7 increased by 20.1% and 22.3%, respectively. The RWSWs inclusion up to 3% improved the maximum and ultimate loads at 
similar intervals. From Table 3, it can also be seen that the Pmax test results of BTYRE-5 and BTYRE-8 were increased by 7.0% and 7.2%, 
respectively, compared with that of BREF-2. When the third group is examined, it is observed that the increasing trend decreased to 
4%. This situation can be attributed to the decreasing tension reinforcement contents of the beams [64,65]. RWSWs can be efficiently 
utilised with the tension bar of ϕ12. Furthermore, the addition of RWSWs led to the reduction of stresses during the crack forming and 
propagation since they acted as the load-transferring elements [66–68]. The rigidities generally tended to decrease depending on the 
amount of RWSWs, and the obtained results are compatible with similar literature studies [47,69]. 

Total energy dissipation of the beams can largely affect the damage level and related deformations during earthquakes when the 
sufficient ductility level is provided by these members. The experimental tests results for the energy dissipation capacities of the el-
ements are presented in Table 3. BTYRE-8 demonstrated the maximum total energy dissipation of 3.94 kJ during the test procedure. 
The test results of BREF-1 and BTYRE-1 were obtained as out of the limits concerning their ductility levels. When the other two 
specimens in the first group are examined, it is witnessed that partially acceptable results have been achieved. In general, the RWSWs 
inclusion increased both the ductility levels and energy dissipation capacities due to their stress reduction effects [70–72]. The 
literature suggests that the ductility ratio (ductility coefficient) should be around 4 ~ 5 for a sub-balanced ductile design [73,74]. It is 
evidenced from Table 2 and the load-displacement curves of the specimens that the ductile behaviour was achieved. 

The ultimate damage patterns of BREF-1, BTYRE-1, BTYRE-4 and BTYRE-7 are shown in Fig. 5. The failure type of BREF-1 and 
BTYRE-1 was similar, and their shear resistances were lower than their flexural strengths due to their low RWSWs contents and 
insufficient shear reinforcements [75,76]. The failure characteristics of BTYRE-4 and BTYRE-7 exhibited that RWSWs were forced to 
carry loads after the yield of steel reinforcements, which implied that RWSWs in this beam could effectively bear parts of the shear 
forces. Meanwhile, the failure pattern of BTYRE-7 also indicated that RWSWs bundle was not uniform, and some parts of the beam 
failed early. Figs. 6 and 7 display the failure types of the second and third groups of the beams. The experimental tests results revealed 
that both groups were failed by the bending effects. However, some cracks were also formed owing to the shear forces [77,78], 
especially for the beams with no and low RWSWs content. 

The load-displacement curves of the 12 composite beams are presented in Fig. 8. Compared with the other specimens, the beams 
with high RWSWs contents had the maximum displacement results. BREF-2 illustrated less displacement result among all the beams. 
Moreover, curves of all the beams in each group were observed to have similar characters especially for the elastic stage [79]. 
However, the displacements of the beams with 2% and 3% RWSWs contents were greater than the reference beams. 

It can be concluded that the RWSWs inclusion has a noticeable effect on the mid-span displacements. Fig. 8 also depicts that the 
flexural stiffness of the specimens decreased owing to lower modulus of elasticity. On the other hand, it can be seen that adding 3% 
RWSWs escalated the ultimate deflection capacity. For BTYRE-8, it was obtained as 85.87 mm. RWSWs can take more tension and 
resist deformations by bridging the local stresses [80–82]. In addition, increasing the RWSWs ratio decreased the workability; after 2% 
RWSWs ratio, the workability considerably dropped. 

Table 2 
Experimental results for load and displacement values.  

Test 
Specimens 

Pmax 

(kN) 
Displacement at 
Pmax (mm) 

Rigidity at Pmax 

(kN/mm) 
Pu (0.85Pmax) 
(kN) 

Displacement at Pu, 
δy (mm) 

Rigidity at Pu 

(kN/mm) 
δu 

(mm) 
Ductility 
Ratio 

BREF-1  51.91  5.58  9.31  44.13  2.45  18.05  14.71  6.02 
BTYRE-1  60.65  8.06  7.53  51.55  3.91  13.18  12.38  3.16 
BTYRE-4  62.33  10.48  5.95  52.99  4.05  13.08  18.20  4.49 
BTYRE-7  63.47  9.89  6.42  53.96  4.21  12.82  21.56  5.12 
BREF-2  45.29  10.59  4.28  38.50  2.51  15.35  24.62  9.82 
BTYRE-2  48.68  40.67  1.20  41.39  2.21  18.70  57.37  25.92 
BTYRE-5  48.56  40.72  1.19  41.28  2.71  15.23  64.58  23.83 
BTYRE-8  48.48  37.36  1.30  41.22  3.34  12.35  85.86  25.73 
BREF-3  35.44  12.46  2.84  30.13  0.83  36.51  66.32  80.38 
BTYRE-3  36.85  4.02  9.16  31.33  1.71  18.35  66.27  38.81 
BTYRE-6  36.76  47.78  0.77  31.25  2.32  13.49  65.92  28.46 
BTYRE-9  36.99  42.48  0.87  31.45  2.37  13.26  66.63  28.10  
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Table 3 
Experimental results for energy dissipation capacities.  

Test Specimens Maximum Displacement 
(mm) 

Energy Dissipation at Pmax (kJ) Energy Dissipation at Pu (kJ) Plastic Energy Dissipation 
(kJ) 

Total Energy Dissipation 
(kJ) 

Failure Type Ductility Level 

BREF-1 23.68 0.21 0.06 0.95 1.01 Shear Deficient 
BTYRE-1 28.10 0.37 0.13 1.06 1.19 Shear Deficient 
BTYRE-4 27.96 0.52 0.14 1.28 1.41 Bending Partially 

Sufficient 
BTYRE-7 27.95 0.68 0.14 1.31 1.46 Bending Partially 

Sufficient 
BREF-2 28.24 0.41 0.05 1.08 1.13 Bending Sufficient 
BTYRE-2 62.00 1.86 0.05 2.77 2.82 Bending Sufficient 
BTYRE-5 64.91 0.00 0.05 2.91 2.96 Bending Sufficient 
BTYRE-8 85.87 1.68 0.07 3.88 3.94 Bending Sufficient 
BREF-3 66.40 0.40 0.01 2.20 2.22 Bending Sufficient 
BTYRE-3 67.00 0.12 0.03 2.32 2.35 Bending Sufficient 
BTYRE-6 66.74 1.68 0.08 2.26 2.34 Bending Sufficient 
BTYRE-9 66.73 1.45 0.04 2.30 2.34 Bending Sufficient  
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4. Effect of RWSWs on tensile and flexural capacities of concrete 

The tensile stress of concrete and the contribution of RWSWs to the tensile stresses are summed up in the ratio of the volumes of the 
materials when calculating the maximum tensile strength of RWSW concrete (Eq. 1) [83,84]. Similarly, in this study, Eq. 2 can be 
derived by using the empirical equations and general equations to determine the tensile stress of concrete reinforced with RWSWs. Eqs. 
2 and 3 were utilised to determine the bending tensile strength of concrete (fr) ACI 318–19 [85]. 

σcc = σc
(
1 − Vf

)
+ σf Vf (1) 

Fig. 5. Failure patterns of tested beams – I.  

Fig. 6. Failure patterns of tested beams – II.  
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fsfr = fr
(
1 − Vf

)
+ σf Vf (2)  

fr = 0.62
̅̅̅̅

f ′
c

√

(3)  

where σcc is the tensile strength of composite material (MPa), σc is the tensile strength of concrete (MPa), σf is the pull-out strength of 
fibre (MPa), Vf is the fibre volume fraction, fsfr is the tensile strength of fibre reinforced concrete (MPa), fr is the modulus of rupture 
(MPa), and fc’ is the concrete cylinder compressive strength (MPa). Further, in order to determine the effect of the RWSWs additive on 
the tensile capacity of concrete, the bond between fibre and concrete is used (Fig. 9). The tensile force that a single fibre can bear and 
the average number of fibres per unit area are calculated using Eqs. 4 and 5, respectively. The total stress carried by fibres at the 
moment when they are stripped from concrete is calculated by Eq. 6. 

Ft = τπd
l
2

(4)  

n =
4Vf

πd2 (5)  

σt = nFt = 2ατVf
l
d

(6)  

σf = 2ατ l
d

(7)  

where τ is the bond strength of fibres (MPa), n is the average number of fibres per unit area, Ft is the pull-out force that a single fibre can 
carry (N), σt is the pull-out strength (residual tensile strength) of fibres (MPa), α is the fibres’ efficient coefficient depending on the their 
diameter, length, shape, angle, group effect, etc. 

To determine the contribution of steel fibres to the tensile stress (σt) of concrete, regulations and researchers have derived various 
equations. These equations are arranged for plain straight fibres and provided in Table 4. 

where fck is the cube compressive strength of concrete at 28 days, Fbe is the bond efficiency of fibres which can be considered from 
1.0 to 1.2, β is the bond factor that can be taken equal to 0.50 for round fibres according to Campione et al. [90], and fcf is the 
compressive strength of steel fibre reinforced concrete (MPa). 

In the present study, the equivalent rectangular stress distribution model proposed in ACI 318–19 [85] was used to calculate the 
bending capacities of normal concrete beams. Singh [86] stated that the strain and stress distributions in the compressive and tensile 
zones formed in the steel fibre reinforced concrete (SFRC) beam sections can be as in Fig. 10a and b, respectively. In Fig. 10, As is the 
area of the tension reinforcement, As’ is the area of the compression reinforcement, d′ is the distance between the centre of the 

Fig. 7. Failure patterns of tested beams – III.  
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compression reinforcement and the outermost concrete fibre, c is the distance of the neutral axis, d is the effective depth of beam, cb is 
the concrete cover, ucr is the uncracked section, εcu is the strain of the outermost concrete fibre, εs’ is the strain of the compression 
reinforcement, εs is the strain of the tension reinforcement, β1 is the depth coefficient of the equivalent stress block, k3 is the coefficient 
of the equivalent compression stress block, Fs’ is the compression reinforcement force, Fc is the concrete compressive force, Fuc is the 
uncracked concrete tensile force, Fsfr is the pull-out force of steel fibres, and Fs is the tension reinforcement force. 

In order to calculate the bending capacities of the beams with RWSWs, some assumptions were made in this model, and the strain- 
stress model was idealized as in Fig. 10c. These assumptions can be listed as follows:  

• An equivalent rectangular stress block is formed in the compression region of the beam. However, the coefficient of the equivalent 
compression stress block (k3), which is 0.85 in normal concrete, increases to 0.95 at the time of failure in SFRC concrete [91]. 

Fig. 8. Load-displacement (mid-span) relations of beams.  

Fig. 9. Bond between RWSW and concrete.  
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• The depth of the equivalent stress block varies according to the compressive strength of concrete (β1c). The suggested coefficients of 
ACI 318–19 [85] are utilised.  

• While the final unit strain (εcu) of concrete is usually 0.003 in normal concrete, it can be up to 0.004 in SFRC concrete [86,92].  
• In the beam tension zone, the effect of concrete on the tensile propagation is up to the initial cracking of the beam. Also, concrete 

demonstrates no shrinkage effect after the first crack initiation in the beam.  
• The effect of RWSWs on the tensile behaviour is continuous. The contribution of RWSWs to the tensile stress is assumed to be an 

equivalent rectangle from the outermost fibre to the neutral axis. 

Axial equality (Eq. 12) and conformity (Eq. 13) equations were utilised to calculate the bending capacities of the beams with 
normal concrete and RWSW concrete. Using these equations, the equation of the neutral axis depth, Eq. 14, was derived. Then, the 
bending capacity of the beams (Mn) was calculated employing Eq. 15. 

Fs +Fsfr = Fc +F′
s (12)  

σ′
s = εcuE′

s
c − d′

c
(13)  

c =
Asfy + σtbwh − A′

s

(
εcuE′

s
c− d′

c

)

k3f ′
cbwk1 + σtbw

(14)  

Table 4 
Pull-out strength of fibres for plain straight steel fibre reinforced concrete.  

References Equation 

Singh [86]  

σt = 0.3Vf
l
d

̅̅̅̅̅
fck

√
(8)   

ACI 544.4 R [87]  

σt = 0.772Vf
l
d

Fbe (9)   

Campione [88]  

σt = 0.2Vf
l
d

β
̅̅̅̅̅̅

f ′
cf

√

(10)   

Beshara et al. [89]  

σt = 1.64Vf
l
d

(11)      

Fig. 10. SFRC beam section subjected to bending: (a) Strain distribution; (b) Stress distribution; (c) Idealized stress distribution.  
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Mn = Asfy

(

d −
k1c
2

)

+ σtbw(h − c)
(

h + c − k1c
2

)

+A′
sσ′

s

(
k1c
2

− d′
)

(15) 

Eq. 16 recommended in ACI 318–19 [85] was used to calculate the bending moment (Mcr) at the first crack occurrence of the 
normal concrete beams. However, in order to calculate the bending moment of the beams with RWSW concrete at the time of first 
cracking, Eq. 17 was derived by utilising fsfr suggested in Eq. 2 instead of fr in Eq. 16. Also, yt in Eqs. 16 and 17 represents the half length 
of the beams’ height. In addition, Ig is the cross-sectional moment of inertia and can be calculated with Eq. 18. 

Mcr =
frIg

yt
(16)  

Mcr =
fsfrIg

yt
(17)  

Ig =
bwh3

12
(18) 

Eq. 19 proposed by Bischoff and Gross [93] for four-point loading was employed to calculate the deflection in the beams just before 
the first cracking. Eq. 21 was also utilised for the RWSW added specimens. The modulus of elasticity of fibreless concrete was 
calculated with Eq. 20 which is also recommend by ACI 318–19 [85]. The modulus of elasticity (Esfr) of concrete with the RWSWs 
additive was calculated with Eq. 22. However, while calculating the contribution (K) of fibres to the elasticity modulus of concrete in 
this equation, Cox [94] mentioned that it should be multiplied by the coefficient η since the fibre additive is limited. In another study, 
Patton and Whittaker [95] stated that η can be taken as 0.43. 

δ =
PL3

48EcIg

[

3
(a

L

)
− 4

(a
L

)3
]

(19)  

Ec = 4700
̅̅̅̅

f ′
c

√

(20)  

δ =
PL3

48EsfrIg

[

3
(a

L

)
− 4

(a
L

)3
]

(21)  

Esfr = Ec
(
1 − Vf

)
+K (22) 

Table 5 
α coefficients determined according to experimental results.  

Test Specimens (ρ-ρ’)Vf α σt (MPa) PExp. (kN) 

BTYRE-1  0.0001305  9.98  0.70  60.65 
BTYRE-4  0.0002610  6.72  0.99  62.33 
BTYRE-7  0.0003915  4.44  1.06  63.47 
BTYRE-2  0.0000773  16.96  0.71  48.68 
BTYRE-5  0.0001547  6.58  0.58  48.56 
BTYRE-8  0.0002320  2.98  0.42  48.48 
BTYRE-3  0.0000338  26.36  0.48  36.85 
BTYRE-6  0.0000677  10.27  0.39  36.76 
BTYRE-9  0.0001015  5.70  0.35  36.99  

Fig. 11. Variation of α coefficients (ρ-ρ’) with respect to Vf.  
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Table 6 
Calculated RWSWs pull-out strengths and bending capacities of beams.  

Test Specimens Proposed Eq. 26 Singh [86] ACI 544.4R-88 [87] Campione [88] Beshara et al. [89] 

σt PCalc. PCalc.

PExp.

σt PCalc. PCalc.

PExp.

σt PCalc. PCalc.

PExp.

σt PCalc. PCalc.

PExp.

σt PCalc. PCalc.

PExp.

BREF-1  0.00  56.21  1.08  0.00  56.21  1.08  0.00  56.21  1.08  0.00  56.21  1.08  0.00  56.21  1.08 
BTYRE-1  0.56  60.14  0.99  1.76  64.37  1.06  0.77  60.90  1.00  0.54  60.06  0.99  1.64  63.95  1.05 
BTYRE-4  0.70  61.26  0.98  3.73  71.73  1.15  1.54  64.33  1.03  1.13  62.84  1.01  3.28  70.28  1.13 
BTYRE-7  0.84  62.63  0.99  5.92  80.29  1.27  2.32  68.18  1.07  1.82  66.37  1.05  4.92  77.14  1.22 
BREF-2  0.00  44.79  0.99  0.00  44.79  0.99  0.00  44.79  0.99  0.00  44.79  0.99  0.00  44.79  0.99 
BTYRE-2  0.49  47.82  0.98  1.76  52.75  1.08  0.77  48.94  1.01  0.54  48.02  0.99  1.64  52.28  1.07 
BTYRE-5  0.61  48.72  1.00  3.73  60.52  1.25  1.54  52.41  1.08  1.13  50.79  1.05  3.28  58.92  1.21 
BTYRE-8  0.73  49.78  1.03  5.92  69.33  1.43  2.32  56.17  1.16  1.82  54.22  1.12  4.92  65.88  1.36 
BREF-3  0.00  34.14  0.96  0.00  34.14  0.96  0.00  34.14  0.96  0.00  34.14  0.96  0.00  34.14  0.96 
BTYRE-3  0.40  36.50  0.99  1.76  42.14  1.14  0.77  38.07  1.03  0.54  37.09  1.01  1.64  41.63  1.13 
BTYRE-6  0.50  37.20  1.01  3.73  50.26  1.37  1.54  41.59  1.13  1.13  39.88  1.08  3.28  48.55  1.32 
BTYRE-9  0.59  38.03  1.03  5.92  59.33  1.60  2.32  45.33  1.23  1.82  43.28  1.17  4.92  55.64  1.50  
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K = ηEf Vf (23) 

The cracked section moment of inertia (Icr) was used instead of Ig in Eq. 19 during the calculation of the deflection that occurred in 
the beams when the maximum bending moment acted. The values of the moment of inertia of the broken sections for the normal and 
RWSW reinforced concrete beams were calculated using Eqs. 24 and 25, respectively. 

Icr =
bwc3

3
+ (n′ − 1)A′

s(c − d′)2
+As

(
d − c2) (24)  

Icr =
bwc3

3
+ (n′ − 1)A′

s(c − d′)2
+(n − 1)As

(
d − c2)+K

bw(h − c)3

3
(25)  

where n is the modular ratio for tension reinforcement (n = Es/Ec) and n′ is the modular ratio for compression reinforcement (n′=Es’/ 
Ec). 

5. Pull-out strength calculation of RWSWs for RWSW concrete and determination of correction coefficient for RWSW 
concrete 

In order to determine the pull-out stress (σt) that RWSWs can bear, it is necessary to determine the fibre impact coefficient (α) and 
fibre bond strength (τ) in Eq. 6. The bond strength of fibres is generally associated in the literature by multiplying a coefficient by the 
compressive stress of concrete. Further, since the effect of the reinforcement ratios on the flexural capacity was examined in this study, 
Eq. 6 was rearranged as Eq. 26. RWWs have an l/d ratio of 160 because the lengths and diameters of RWWs are irregular. Since the l/ 
d ratio should be between 50 and 100 according to ACI 318–19 [85] in Eq. 26, the l/d ratio was limited to 100 in the calculations. 

σt = α(ρ − ρ′)Vf
l
d

̅̅̅̅̅̅

f ′
cf

√

(26) 

Utilising the known bending capacities of the beams, the values of the α coefficient in Eq. 26 were determined according to the 
experimental results using Eqs. 14 and 15. The determined coefficients are listed in Table 5. Then, assuming that the α coefficient (ρ-ρ’) 
is related to Vf, this assumption was tested by a simple regression analysis (Fig. 11). As a result of the regression analysis, it was seen 
that the α coefficient was highly correlated with (ρ-ρ’)Vf , R2 = 0.84, and Eq. 27 was also generated. 

α = 0.0102
( (

ρ − ρ′)Vf
)− 0.7447 (27) 

To test the usability of the shear stress (σt) equations for steel fibres developed by other researchers in the literature, the equations 
were substituted in Eq. 15, and beams’ bending capacities were calculated which are given in Table 6. The l/d ratios were taken as 100 
in the calculations. In addition, the results calculated with the proposed equations for the shear stress of RWSWs are presented in 
Table 6. The obtained results and experimental tests results are compared in Fig. 12. 

Since the proposed equation in this study was optimized with the experimental results, the results calculated with this equation 
were very close to the experimental results (Fig. 12). There was a maximum difference of 3% between the bending capacities of the 
beams with RWSWs calculated by the proposed equation (Eq. 26) and the experimental results. However, there were differences up to 
60% between the bending capacities calculated with the equations used for steel fibres (Eqs. 8–11) and the experimental results. This 
can be explained by the fact that the bond of RWSWs is lower than that of normal steel fibres. Since the diameters and lengths of 
RWSWs vary, the bond strength values vary too. For this reason, it is necessary to take lower adherence values for the estimation of the 
peel stress of RWSWs. 

For the shear stress estimation of RWSWs, the bending load capacities of the beams were calculated using the proposed Eq. 26 and 
the derived Eqs. 12–25 (Table 6). The load-displacement curves of the calculated results from the proposed equation and experimental 
results are shown in Fig. 13. In the load-displacement curves obtained from the calculations using the proposed equations, the part 

Fig. 12. Comparison of calculated bending capacities with experimental results.  
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after the yield of reinforcements is considered to be plastic. In addition, these curves were compared with the experimental ones in the 
figure. As can be seen from the figure, the experimental curves and theoretical curves reveal very close results. In order to determine 
the significance of the model, the coefficient of determination (R2) was calculated between the experimental results and the predicted 
displacement results, as illustrated in Fig. 14. The clusters of points signify that the experimental data are in a good agreement with the 
values calculated by the proposed equation. 

The model also provided high R2 and R2-adj correlation coefficients that vary between 97.8% and 99.9% for R2 and 97.6% and 
99.9% for R2-adj correlation, indicating that the given quadratic model sufficiently described the experimental results. 

Fig. 13. Comparison of experimental and theoretical load (kN)-displacement (mm) curves.  
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6. Conclusions 

This study analysed the bending behaviour of the reinforced concrete beams reinforced with RWSWs. The effects of the RWSWs 
inclusion on the failure type, energy dissipation, displacement, and ductility level were investigated. The following conclusions can be 
drawn:  

• Up to 3% RWSWs incorporation improved the maximum and ultimate loads at similar intervals. With ϕ12 tension bar, RWSWs can 
be utilised effectively. RWSWs reduced the stress during the fracture initiation and propagation as load transfer elements.  

• RWSWs insertion decreased the stress, while improved the ductility and energy dissipation. The elastic stage in all the beams had 
similar curves. Beams with 2% and 3% RWSWs displaced more than the reference beams. RWSWs significantly affected the mid- 
span displacements. 

Fig. 14. Quadratic regression model of displacements (experimental results vs. calculated results).  
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• The failure characteristics of BTYRE-4 and BTYRE-7 demonstrated that RWSWs in these beams could effectively bear a portion of 
the shear forces. Furthermore, the failure pattern of BTYRE-7 revealed that RWSWs were not uniform and certain portions of the 
beams fractured prematurely.  

• It is suggested that a volumetric RWSW fibre dosage of 2–3% is optimal for enhancing the structural strength and safety, and 
decreasing the crack widths; however, reinforced concrete beams with 2% RWSWs can have a better workability.  

• Comparing the findings of a similar study published in the literature [20] led to the conclusion that RWSWs are more effective than 
waste lathe scraps (WLSs), particularly in beams with 2ϕ10 longitudinal reinforcements. Additionally, it was found that RWSWs are 
more effective for the increase in the ductility demand, whereas WLS is more effective for the increase in the strength demand.  

• The experimental tests results uncovered that the optimum ratio of RWSWs for the bending beams is about 2%. In future studies, it 
is recommended to compare the utilisation of 2% RWSWs with different parameters such as concrete compressive strength, loading, 
and support types. 

Finally, as RWSW concrete has sufficient strength and mechanical properties compared with plain concrete, it can be concluded 
that RWSWs can be a reasonable choice for use as steel fibre reinforcements in structural concrete. 
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[5] Q. Chang, L. Liu, M.U. Farooqi, B. Thomas, Y.O. Özkılıç, Data-driven based estimation of waste-derived ceramic concrete from experimental results with its 

environmental assessment, J. Mater. Res. Technol. (2023). 
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[28] Y.O. Özkılıç, C. Aksoylu, M.H. Arslan, Experimental and numerical investigations of steel fiber reinforced concrete dapped-end purlins, J. Build. Eng. 36 (2021), 
102119. 

[29] D. Soulioti, N. Barkoula, A. Paipetis, T. Matikas, Effects of fibre geometry and volume fraction on the flexural behaviour of steel-fibre reinforced concrete, Strain 
47 (2011) e535–e541. 

[30] Mehta P.K., Monteiro P.J., Concrete-Microstructure P. Materials. McGrawHill, PJM, United States. 2006:85–6. 
[31] N. Banthia, M. Sappakittipakorn, Toughness enhancement in steel fiber reinforced concrete through fiber hybridization, Cem. Concr. Res. 37 (2007) 1366–1372. 
[32] V.S. Gopalaratnam, R. Gettu, On the characterization of flexural toughness in fiber reinforced concretes, Cem. Concr. Compos. 17 (1995) 239–254. 
[33] Nataraja M., Dhang N., Gupta A. Stress–strain curves for steel-fiber reinforced concrete under compression. Cement and concrete composites. 1999;21:383–390. 
[34] A. Bonakdar, F. Babbitt, B. Mobasher, Physical and mechanical characterization of Fiber-Reinforced Aerated Concrete (FRAC), Cem. Concr. Compos. 38 (2013) 

82–91. 
[35] N. Buratti, B. Ferracuti, M. Savoia, Concrete crack reduction in tunnel linings by steel fibre-reinforced concretes, Constr. Build. Mater. 44 (2013) 249–259. 
[36] M. Akbar, Z. Hussain, P. Huali, M. Imran, B.S. Thomas, Impact of waste crumb rubber on concrete performance incorporating silica fume and fly ash to make a 

sustainable low carbon concrete, Struct. Eng. Mech. 85 (2023), 000-. 
[37] T.Q. Tran, B. Skariah Thomas, W. Zhang, B. Ji, S. Li, A.S. Brand, A comprehensive review on treatment methods for end-of-life tire rubber used for rubberized 

cementitious materials, Constr. Build. Mater. 359 (2022), 129365. 
[38] B. Qi, S. Gao, P. Xu, The application of rubber aggregate-combined permeable concrete mixture in sponge city, Construction 13 (2023) 87. 
[39] P.O. Awoyera, J.O. Akinmusuru, J.M. Ndambuki, Green concrete production with ceramic wastes and laterite, Constr. Build. Mater. 117 (2016) 29–36. 
[40] A.M. Mhaya, G.F. Huseien, A.R.Z. Abidin, M. Ismail, Long-term mechanical and durable properties of waste tires rubber crumbs replaced GBFS modified 

concretes, Constr. Build. Mater. 256 (2020), 119505. 
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